Zr 50 Cu 40 Al 10 metallic glass was deformed by high pressure torsion at different temperatures. Thermal analysis reveals that the structural relaxation peak is intensified not only by increasing rotation revolutions, but also raising deformation temperature. The relaxation enthalpy in the sample deformed at 373 K for 10 revolutions shows similar value to the one deformed at room temperature for 50 revolutions, suggesting the analogous structural rejuvenation. Extensive atomic movement leads to the pronounced structural rejuvenation when deformation was performed at elevated temperature but lower than the starting temperature of structural relaxation.
Introduction
Bulk metallic glasses (BMGs) have attracted extensive research interest due to their unique combination of mechanical and functional properties. 1) However, the applications of BMGs has been severely hindered by the limited plasticity and catastrophic failure at room temperature. Unlike ductile crystalline materials, the plastic deformation of metallic glasses is highly localized into narrow bands. 2) Therefore, restricting the nucleation or propagation of shear localization through introduction of residual stress, 3) nanocrystalline particles 4, 5) or structural heterogeneity, 6 ) is regarded as effective method to improve the ductility of BMGs.
Recently, high-pressure torsion (HPT), deforming coinshape sample by torsional straining under compressive force, has become a popular technique for giant straining of brittle alloys or amorphous materials. 7) Wang et al. reported that structural heterogeneity in Zr 50. 7 Cu 28 Ni 9 Al 12.3 deformed by HPT processing enables mechanism for the enhanced ductility. 8) Pair distribution function (PDF) analysis on the HPT deformed sample signifies that torsional straining removes the atomic distribution away from the PDF peaks and redistributed it between the PDF peaks, which can be interpreted by the increase in free and anti-free volume. 9) This change is opposite to the tendency expected for relaxation or crystallization and is thus referred to as structural rejuvenation. Both introduction of free and antifree volume and modification of chemical short-range ordering atomic arrangement are referred as rejuvenated structure.
The amount of rejuvenated volume is usually proportional to the torsional straining and hence can be enhanced just by simply increasing rotation revolutions. 10) However, increasing rotation revolution also easily reduces the life of the anvils and deteriorates it. Changing HPT conditions, such as rotation speed and deformation temperature, may result in interesting phenonmena. Our previous study reported the proper increasing deformation temperature during HPT processing facilitates the transformation from crystalline to amorphous phase in ZrCuAl alloys, 11) but the effect on the Zr-based BMGs is still not clear. In the present study, the deformation temperature was changed during HPT processing and the thermal behaviors were analysized to quantify the structure change in Zr 50 Cu 40 Al 10 BMG. It is interesting to note that the deformation at elevated temperatures signifiantly enhanced the structural relaxation enthalpy, indicating the increased amount of rejuvenated structure.
Experimental Procedures
Cyclindinal ingots with a diameter of 10 mm Zr 50 Cu 40 Al 10 were prepared by tilt-casting method. Disc with thickness of 0.85 mm sliced from the casting rods were subjected to HPT deformation using constrained-geometry anvils 12) under compressive pressure of 5 GPa at rotation speed of 1 rpm to 10 revolutions (N) at room temperature (298 K), 323 and 373 K. Sample deformed at 298 K for 50 revolutions was used for comparison. HPT at high temperature (> 298 K) was carried out by the furnace fixed on the upper anvil and the actual temperature evolution was recorded by a thermo couple embedded in the upper anvil.
X-ray diffraction and high resolution transimission electron microscopy obervations reveal that no crystallization was introduced in all the samples. The thermal behaviors of the as-cast and deformed samples were characterized by Perkin-Elmer Diamond differential scanning calorimetry (DSC) with a heating rate of 0.667 K/s. 1 mm © 1 mm © 0.8 mm samples with the mass of ³20 mg for DSC measurements were cut from the edge of the HPT disc. The sample used for DSC measurent was heated up to 873 K for two times without opening the cell and second heating curve served as baseline. Vickers microhardness testing was carried out on the cross-section using a Matsuzawa MMT-X hardness tester. The indentation period was of 15 s with a load of 1.96 N. Hardness values were averaged from nine datum points at same radius from the center. Sample for hardness test were mechanically polished to mirror-like using SiO 2 (0.06 mm) colloidal suspension at final step. Figure 1 shows the hardness of the as-cast and HPT deformed samples at different temperatures as a function of the distance from the center of the disc. Hardness of as-cast sample is about 527 HV. When the deformation is performed at 298 K, an increase in the rotation number from 10 to 50 markedly reduces the hardness; suggesting strain softening induced by structural rejuvenation, which has been explained in previous report.
Results and Discussion
10) It is interesting to note that increasing deformation temperature from 298 to 373 K also leads to the gradual decrease in the hardness when the rotation revolution is constant for 10. Similar hardness values at the distance of 24 mm from the center is obtained in the sample deformed at 373 K for 10 revolutions in comparison with the one deformed at 298 K for 50 revolutions. Certain deviation exhibits in the region near the center of the disc. Since the hardness values in BMGs are related to the amount of rejuvenated volume, 10) a decrease in hardness indicates the structural rejuvenation become more pronounced at elevated temperature.
In order to quantify the structural rejuvenation at different conditions, thermal behaviors in the samples before and after HPT with different rotation revolutions and temperatures are investigated and the results are shown in Fig. 2(a) . The presence of glass transition and crystallization peaks in the as-cast and deformed samples also indicates that HPT preserves the general amorphous character even when the deformation was performed at elevated temperature. No visible shifting of glass transition temperature (T g ) is detected, while the onset temperature of crystallization peak (T x ) in the sample deformed at 373 K for 10 revolutions become slightly lower. It can be seen that there is an exothermic peak with a wide temperature range from ³385 to ³700 K before the glass transition in the deformed samples as shown in Fig. 2(b) , which is corresponding to the structural relaxation. Usually annihilation of rejuvenated structure by heating at the temperature below T g attributes to this exothermic relaxation peak. When the number of rotation revolutions is constant for 10, elevating deformation temperature significantly intensifies the prominent exothermic peak. The more pronounced exothermic peak indicates more structural rejuvenation and rejuvenated volume. The sample deformed at 373 K for 10 revolutions exhibits almost same exothermic relaxation behavior in comparison with the one for 50 revolutions at 298 K.
The pronounced exothermic peak indicates the more rejuvenated structure in the sample deformed at temperature of 323 and 373 K. It has been known that the change of free volume, as one kind of most important rejuvenated structure, is proportional to the relaxation enthalpy. Their relationship can be expressed using following equation:
where ¦H is the change of relaxation enthalpy, ¢ is a constant and ¦v is the change of free volume. Therefore, the amount of free volume introduced by HPT can be quantified by the calculation of relaxation enthalpy in different samples. The difference of total relaxation enthalpy change (¦H) between the HPT-deformed and as-cast samples is calculated as follows: 14) ÁH ¼
where W N (T) and W MG (T ) are the heat flow of the deformed sample with N revolutions and as-cast one at temperature of T in the DSC measurement, respectively. c is the heating rate of 0.667 K/s. The total relaxation enthalpy change should be integrated from 385 K (onset temperature of relaxation) to the 690 K (below the glass transition temperature of 696 K) to reveal the change of free volume. The calculation of relaxation enthalpy is plotted as a function of deformation temperature in Fig. 3 , including the samples deformed at 298 K for 50 revolutions. It can be seen clearly that the relaxation enthalpy not only increase by increasing rotation number from 10 to 50 at 298 K, but also by raising deformation temperature. Increasing deformation temperature from 298 to 373 K markedly enhances the relaxation enthalpy when the revolution number is constant. The relaxation enthalpy is about 28.9 J/g in the sample deformed at 373 K for 10 revolutions, which is three times higher than it in the one deformed at 298 K with same revolutions and is slightly smaller than 30.1 J/g in the sample deformed at 298 K for 50 revolutions. Similar relaxation enthalpy in the sample deformed at 373 K for 10 revolutions and 298 K for 50 revolutions indicates the almost similar amount of free/ rejuvenated volume introduced by HPT. These results suggest that the increasing deformation temperature at low rotation revolutions can introduce as large amount of free volume/rejuvenated structure into BMGs as by increasing torsional straining. In the present study, the maximum deformation temperature is 373 K, which is lower than the onset point of exothermic structural relaxation peak (385 K) shown in Fig. 2 , hence the rejuvenated structure introduced by deformation cannot be relaxed during processing. The pronounced structural rejuvenation in the sample deformed at elevated temperatures can be attributed to the extreme atomic movement. It is known that the mechanical deformation converts the mechanical energy into thermal energy, such as inside of shear bands. 9, 15, 16) The atomic displacement out of the atomic cage due to deformation increases the randomness of the structure and results in the rejuvenation. For the HPT at elevated temperature, apparently torsional straining is able to translate to the internal energy easily by extensive atomic movement and result in an increase in the rejuvenated volume. Recently, Tong et al. 17) reported that creep test at 673 K also results in more rejuvenated structure due to the consequence of structural rejuvenation by mechanical deformation and relaxation by annealing and the pronounced rejuvenation does not degrade the plastic behavior of Zr 65 Cu 17 Ni 8 Al 10 , but promotes the plasticity in the brittle Zr 55 Cu 30 Ni 5 Al 10 BMG. Therefore, more structural rejuvenation at elevated temperature may be benefit to the improvement of plasticity.
Summary
High pressure torsion deformation was performed on Zr 50 Cu 40 Al 10 BMG at high temperature (298, 323 and 373 K) for various revolutions. Thermal analysis revealed that structural rejuvenation is significantly enhanced not only by increasing torsional straining, but also the deformation temperature. Elevating deformation temperature, but lower than the starting temperature of relaxation, induces the extensive atomic movement and hence results in more pronounced structural rejuvenation. The present results provide important clues for the understanding deformation mechanism of BMGs and easier method to increase amount of structural heterogeneity by plastic deformation. 
